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Abstract: Sulfides extracted from porphyry-type deposits can contain a number of metals critical
for the global energy transition, e.g., Co and precious metals such as Au and Re. These metals
are currently determined on composite mineral samples, which commonly results in their dilution.
Thus, it is possible that some metals of interest are overlooked during metallurgical processing and
are subsequently lost to tailings. Here, an advanced geochemical characterization is implemented
directly on metal-bearing sulfides, determining the grade of each targeted trace metal and recognizing
its specific host mineral. Results show that pyrite is a prime host mineral for Co (up to 24,000 ppm)
and commonly contains Au (up to 5 ppm), while molybdenite contains high grades of Re (up to
514 ppm) and Au (up to 31 ppm). Both minerals represent around 0.2% of the mineralized samples.
The dataset is used to evaluate the possibility of extracting trace metals as by-products during
Cu-sulfide processing, by the addition of unit operations to conventional plant designs. A remarkable
advantage of the proposed workflows is that costs of mining, crushing, and grinding stages are
accounted for in the copper production investments. The proposed geochemical characterization can
be applied to other porphyry-type operations to improve the metallic benefits from a single deposit.

Keywords: cobalt supply; rhenium; gold; by-products; pyrite processing; geo-metallurgy;
porphyry-type mining; green mining

1. Introduction

Nowadays, metal resources are more crucial than ever to current global energy transition
efforts [1–4], especially metals needed for the development of clean energy technologies [5,6]. Demand
for these metals will increase in the coming years, with copper (Cu) being in greatest demand worldwide,
estimated up to 40 times greater by 2100 [7]. This will be accompanied by other metals such as cobalt
(Co), silver (Ag), tellurium (Te), rare earth elements (REEs), all of which are considered critical because
of the risk they pose to supply [5,8]. Constraints on Cu supply focus on the expected decline in ore
grades [9], which implies that significantly more mine material will have to be mined and processed
to produce the same amount of metal. Thus, a significant challenge to the copper industry would be
to move from traditional Cu (±Mo ± Au) mining to a highly efficient multi-metallic operation [10].
This would allow the exploitation of all of the metal resources contained in a single mineral deposit,
while at the same time minimizing the amount of waste generated [11].
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Critical and precious metals such as Co, Au, and Re, not to mention Ag, are systematically
reported as by-products in porphyry-Cu-Mo deposits worldwide, with metal grades averaging at
around 0.5 g/t [10,12–14]. However, an issue that must be addressed in mineral characterization
protocols is that the minerals that host each specific metal of interest are not recognized, which is a
crucial piece of information for metallurgical ore processing [15,16]. This issue can be explained by the
following considerations: (i) mineral characterization is focused on copper ore, i.e., Cu oxides and
sulfides, and does not include all metal-bearing minerals [10]; (ii) geochemical analyses are carried out
by taking a sample of the whole mineralized rock, i.e., a sample containing ores and barren minerals,
resulting in the dilution of some trace metals to concentrations that are below detection limits [10];
and (iii) mineral paragenesis is predicted from whole-rock geochemical data [17], instead of being
determined by conventional and more-sophisticated microscopic methods.

To evaluate the economic metal content of a porphyry-type deposit, Velásquez et al. [10] proposed
a high-resolution mineral and geochemical characterization, which should allow efficient determination
of the grade of targeted metals and recognition of specific host minerals. The data obtained include
both the metal concentration (grade) and the mode of occurrence for each metal (e.g., visible, invisible,
in the structure, etc.) [10], which is valuable information for selective metal treatment.

In this paper, we present the results of a high-resolution geochemical characterization performed
in situ on sulfides (i.e., bornite, chalcopyrite, molybdenite, and pyrite) from Cu-mineralized samples
belonging to a porphyry-type deposit. Geochemical characterization is intended to determine and
quantify the Co, Au, and Re, as well as Ag, Te, and As content of sulfides, rather than measuring trace
elements in the whole rock. The resulting dataset is used to: (1) determine the preferred host sulfide for
each selected trace metal; (2) highlight the difference between advanced and operational geochemical
characterization; and (3) discuss how high-resolution characterization can support more appropriate
Cu ore processing plant design, focused on the supply of critical and precious metals, in addition to
the major compounds, i.e., Cu and Mo. The proposed metallurgical workflows can be implemented in
mining operations to move from traditional Cu (±Mo) mining to high-performance multi-metallic
activity in porphyry-type mines.

As a case study, we have chosen the Los Sulfatos deposit [18,19], located in the Chilean Central
Andes. Managed by Anglo American Sur, S.A., Los Sulfatos is a world-class deposit (>45 Mt of contained
copper) [10]. It is part of the Los Bronces–Rio Blanco–Los Sulfatos porphyry Cu-Mo system [18–20]
(Figure 1), which is considered having the highest copper endowment in the Earth’s crust (>200 Mt
of contained copper) [18–20]. The main ore minerals found in the deposit are Cu ± Mo- sulfides,
predominantly chalcopyrite, bornite, and some molybdenite [18,19]. At present, the deposit is in its
preliminary development stages as the Los Bronces underground mining project. The deposit contains
more than 3.9 billion tons of mine-material enriched in Cu-Mo-sulfides and grading 1.14% Cu [10],
which will be extracted throughout the duration of the mine’s life. The final marketing product
expected to be generated during the metallurgical processing is a sulfide (bulk and selective) flotation
concentrate, while the rest of the extracted mine-material will be removed to tailings [10]. The fact
that Anglo American Sur S.A. is evaluating the conditions for mining operation development in
the coming years for the Los Sulfatos deposit, offers a rare opportunity to propose a multi-metal
metallurgical processing in a porphyry Cu-Mo mining operation by implementing the high-resolution
characterization proposed by Velásquez et al. [10]. The case study is focused on porphyry-types
deposits due to the increased need for copper in the coming years, which implies that the mineralized
material will be extracted and processed to supply this metal and, therefore, the goal for mining
geologists is to improve the metallic benefits drawn from each deposit.

In this study, we will focus on determining Co, Re, and Au occurrences in the sulfides. The specific
choice of these commodities arises from the following considerations: (i) Cobalt is a key metal in the
production of rechargeable lithium (Li)-ion batteries [21,22]; given that Chile is one of the world’s
leading suppliers of Li [23,24], the possibility of producing both Co and Li would be highly strategic
for the country, as it would become a leader in the high-tech clean energy industry. (ii) Rhenium is



Minerals 2020, 10, 531 3 of 18

contained in molybdenite (up to 4.7 wt.% Re), a common sulfide in porphyry-type deposits [8,13,25].
However, Re concentrations could not be assessed during operational geochemical characterization,
because this procedure is performed on composite samples by whole-rock analysis. This implies that
Re would not be included in the mining planning being recovered later from refineries. (iii) Gold is
currently determined by bulk assays [12], but practically no mineral characterization is performed
on its host mineral. As a result, the metallic Au contents would not be exploited in the metallurgical
treatment and would instead be lost to tailings [10]. This is especially relevant in the case of invisible
occurrences of Au [26], in which Au can occur as nanoparticles of sulfosalts or in the structure lattice.
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Figure 1. Physiography and first-order tectonic setting of the Central Andes showing the geological
framework of the Río Blanco–Los Bronces–Los Sulfatos Cu-Mo porphyry system (modified from
reference [27]).

2. Samples and Analytical Protocol

For this study, we sampled ten drill cores of mineralized material from the Los Sulfatos deposit
at depths from 100 to 800 m, which are located in the expected exploitation area to be developed as
the Los Bronces underground project. From these drill cores, fifteen 5 m-mineralized intervals were
selected and two hand-picked samples were collected from each interval (Figure 2). It is important
to note that each 5 m interval corresponds to a composite-sample analyzed by whole-rock chemical
analysis, which is a routinely analytical procedure in the mining industry (Figure 2a). The goal
of that correspondence is to compare the whole-rock geochemical data with the obtained results
from an advanced micro-chemical characterization (Figure 2b). Thus, thirty representative samples
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were collected from four mineralized zones, Min-Zones, defined at the Los Sulfatos deposit [10],
i.e., high-chalcopyrite (CPY-H), low-chalcopyrite (CPY-L), high-bornite (BRN-H), and low-bornite
(BRN-L). All of these are developed in hydrothermal and magmatic breccias. Of these samples, fifteen
were found to be suitable for high-resolution investigation of mineral and geochemical characterization.
About one hundred sulfide crystals, including chalcopyrite, bornite, molybdenite, and pyrite (Figure 2b),
were analyzed to determine their trace-metal content, focusing on critical, precious, and deleterious
metals, i.e., Co, Au, Re, plus Ag, Te, and As. Mineralogical and micro-chemical studies were carried out
at the Géosciences Environnement Toulouse (GET) laboratory in Toulouse, France by the application of
conventional practices used for mineral protocols. These practices include petrographic and scanning
electron microscope (SEM) descriptions, which were combined with more sophisticated techniques
applied for micro-chemical mineral characterization [10], such as the laser ablation-inductively coupled
plasma-mass spectrometry [28]. The analytical protocol is summarized below.
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Figure 2. (a) Schematic diagram illustrating a selected 5 m-mineralized interval, highlighting (green
filled squares) the locations of collected samples. Metal concentrations obtained from bulk analyses
are indicated on the left side. Photographs of the 200 µm-thick polished sections corresponding to the
hand-picked samples are shown on the right. (b) Photomicrographs under reflected light showing
the different sulfides types analyzed by LA-ICP-MS, highlighting the locations of laser-ablation spots
(LA-spot). Photomicrographs were taken after laser ablation analysis.

• Logging of a 5 m-mineralized interval of each selected drill-core, from which a core-sample was
collected and prepared to design a 200 µm-thick polished section (Figure 2a);

• Identification of sulfide minerals by petrographic studies [10,29] (Figure 2a), using a polarizing
microscope Nikon Eclipse LV100POL (Nikon instruments Europe, Amsterdam, The Netherlands)
in reflected and transmitted light, equipped with 2×, 5×, 10×, 20× and 50× objectives;

• Characterization of metal-bearing mineral inclusions in sulfides [10,29], using a JEOL6360LV
scanning electron microscopy (JEOL Ltd., Tokyo, Japan) coupled to an energy-dispersive X-ray
spectrometer (SDD Bruker 129 eV) (Bruker Corporation, Billerica, MA, USA), itself equipped to
acquire images in backscattered electron (BSE) mode at an acceleration voltage of 20 kV;

• Determination of trace metal concentrations in sulfides by in situ micro-chemical analyses,
including electron micro-probe (EPM) and laser ablation (LA-ICP-MS) analyses [10,29], using
a CAMECA SX5 microprobe (CAMECA SX5, Cameca, Gennevilliers, France), combined with
a Ti: sapphire femtosecond (fs) laser couple to a quadrupole ICP-MS. To provide a sense of
reproducibility of the LA-ICP-MS analysis, several spots were ablated on each single sulfide crystal,
avoiding the consideration of outstanding concentration values (Figure 2b). Detection limits for
trace element quantifications were calculated as three times the background standard deviation
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value. At GET, the tuning routine is optimized to reduce production of molecular oxide species
(typically 232Th16O⁄232Th < 1%) and doubly charged ion species (typically 140Ce++⁄140Ce+ < 2%).
This allows an analytical precision of <15% for the relative standard deviation (RSD) to be
reached [30,31]. The gas blank is measured for 30 s before switching on the laser for 60 s. Raw data
were processed online using the GLITTER software package (4.0, ARC National Key Centre for
Geochemical Evolution and Metallogeny of Continents, Macquarie University, Sydney, Australia)
(e.g., [32]), using certified reference materials, such as pyrrhotite-Po-726 [33], an in-house natural
chalcopyrite, Cpy-RM [30], and NIST SRM 610 [34], as external calibrators, in bracketing mode
standard-sample-standard. The following isotopes were monitored: 33S, 34S 56Fe, 57Fe, 59Co, 63Cu,
75As, 95Mo, 107Ag, 125Te, 182W, 185Re, 197Au. These isotopes were selected to avoid possible argide
interferences (MeAr+), where Me corresponds to a base metal such as 59Co and 63Cu, in our study
case. Analytical routines and conditions are described in detail in references [10,29–31].

3. High-Resolution Geochemical Characterization of Sulfides

In this study, we focus on determining the presence of critical and precious metals in sulfides,
i.e., chalcopyrite, bornite, molybdenite, and pyrite from a porphyry-type deposit, taking Cu-mineralized
material from drill-holes as study samples. Around one-hundred sulfide crystals were selected from the
four Min-Zones defined at the Los Sulfatos deposit [10] and were subjected to in-depth investigations.
Detailed petrographic and textural observations performed on sulfide crystals evidence two different
sulfide metallogenic units in the mineralized blocks: (1) an association consisting of bornite–chalcopyrite
±molybdenite (BRN–CPY ±MOL; Figure 3a); and (2) an association formed by chalcopyrite ± pyrite
(CPY ± PY; Figure 3b). The two metallogenic units are spatiality related with the Min-Zones, recognized
in the geological 3D model for the Los Sulfatos deposit.

Minerals 2020, 10, x FOR PEER REVIEW 5 of 18 

 

deviation value. At GET, the tuning routine is optimized to reduce production of molecular 
oxide species (typically 232Th16O⁄232Th < 1%) and doubly charged ion species (typically 
140Ce++⁄140Ce+ < 2%). This allows an analytical precision of <15% for the relative standard 
deviation (RSD) to be reached [30,31]. The gas blank is measured for 30 s before switching on 
the laser for 60 s. Raw data were processed online using the GLITTER software package (4.0, 
ARC National Key Centre for Geochemical Evolution and Metallogeny of Continents, 
Macquarie University, Sydney, Australia) (e.g., [32]), using certified reference materials, such as 
pyrrhotite-Po-726 [33], an in-house natural chalcopyrite, Cpy-RM [30], and NIST SRM 610 [34], 
as external calibrators, in bracketing mode standard-sample-standard. The following isotopes 
were monitored: 33S, 34S 56Fe, 57Fe, 59Co, 63Cu, 75As, 95Mo, 107Ag, 125Te, 182W, 185Re, 197Au. These 
isotopes were selected to avoid possible argide interferences (MeAr+), where Me corresponds to 
a base metal such as 59Co and 63Cu, in our study case. Analytical routines and conditions are 
described in detail in references [10,29–31]. 

3. High-Resolution Geochemical Characterization of Sulfides 

In this study, we focus on determining the presence of critical and precious metals in sulfides, 
i.e., chalcopyrite, bornite, molybdenite, and pyrite from a porphyry-type deposit, taking 
Cu-mineralized material from drill-holes as study samples. Around one-hundred sulfide crystals 
were selected from the four Min-Zones defined at the Los Sulfatos deposit [10] and were subjected to 
in-depth investigations. Detailed petrographic and textural observations performed on sulfide 
crystals evidence two different sulfide metallogenic units in the mineralized blocks: (1) an 
association consisting of bornite–chalcopyrite ± molybdenite (BRN–CPY ± MOL; Figure 3a); and (2) 
an association formed by chalcopyrite ± pyrite (CPY ± PY; Figure 3b). The two metallogenic units are 
spatiality related with the Min-Zones, recognized in the geological 3D model for the Los Sulfatos 
deposit. 

Figure 3. (a) Microphotograph under reflected light (a2) and BSE images (a3,a4,a7,a8) deciphering 
the occurrence of visible particles of Ag-Au-Te and Ag-Te, found as micron-sized inclusions in 
bornite and chalcopyrite, respectively. The expected final destination of these particles is also shown 
(a5,a9). (b) Microphotographs under reflected light (b2,b3) and BSE images (b4,b5) showing the 
occurrence of Ag-S visible particles, found as micron-sized inclusions in chalcopyrite. The estimated 
final destination for these metallic particles is also the flotation concentrates (b6). CPY: chalcopyrite, 
BRN: bornite, and PY: pyrite. 

Figure 3. (a) Microphotograph under reflected light (a2) and BSE images (a3,a4,a7,a8) deciphering the
occurrence of visible particles of Ag-Au-Te and Ag-Te, found as micron-sized inclusions in bornite
and chalcopyrite, respectively. The expected final destination of these particles is also shown (a5,a9).
(b) Microphotographs under reflected light (b2,b3) and BSE images (b4,b5) showing the occurrence of
Ag-S visible particles, found as micron-sized inclusions in chalcopyrite. The estimated final destination
for these metallic particles is also the flotation concentrates (b6). CPY: chalcopyrite, BRN: bornite,
and PY: pyrite.
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3.1. Visible Metal Content in the Sulfide Units

Visible metals correspond to the micron-sized (up to 1 µm) particles that can be determined by
optical microscope or SEM. They occur as metal-bearing inclusions in the sulfides [10,29]. In the
BRN–CPY ±MOL unit, recognized metallic particles include sulfosalts of Ag-Te (e.g., hessite: Ag2Te)
and Ag-Au-Te (e.g., sylvanite: (Ag, Au)Te2). Ag-Te particles occur as inclusions in chalcopyrite, while
Ag-Au-Te particles are preferentially included in bornite (Figure 3a). Studied molybdenite crystals
were found to be free of visible metallic inclusions.

In the CPY ± PY unit, sulfosalts of Ag-S (e.g., acanthite: Ag2S) were found as micron-sized
inclusions in chalcopyrite (Figure 3b), whereas pyrite, which crystallizes intergrown with chalcopyrite,
is almost free of visible metallic inclusions.

The association between the sulfosalt and their corresponding hosting sulfide implies that these
metallic micron-sized particles (Figure 3) will accumulate in the sulfide flotation concentrates during
the metallurgical processing circuits.

3.2. Invisible Trace-Metal Content in the Sulfide Units

This corresponds to the metal content which cannot be determined by SEM and EPM analyses,
because the concentration is below the detection limits of these techniques. To evaluate the presence
of selected trace metals, i.e., Co, Au, Re, plus Ag, Te, W, and As in the ore sulfides, 161 LA-ICP-MS
analyses were performed. Of these, 54 analytical spots were ablated on sulfides from the CPY ± PY
unit, and 107 spots on sulfides from the BRN–CPY ± MOL unit. The analytical routine included
determination of As, because it is a deleterious metal during copper ore processing [35], and its
occurrence can influence the price of sulfide flotation concentrates. Chalcopyrite, bornite, and pyrite
were analyzed to determine Co, Au, Ag, Te, and As, while molybdenite was analyzed for Re, and Au,
(plus W), because they represent the prime trace metals that could be concentrated in molybdenite
crystals [36]. Invisible metal content can occur as mineral micro- and nano-particles or be included in
the lattice structure [37].

3.2.1. Bornite–Chalcopyrite ±Molybdenite Unit

The results of LA-ICP-MS analyses (Table 1) show that Ag is preferentially contained in bornite,
with an average value of 103.3 ppm (up to 316 ppm Ag) and that it is correlated with the highest
concentrations of Te (up to 129 ppm), and Au (up to 1 ppm). In chalcopyrite crystals, Ag and Te
contents reach up to 22 and 14 ppm, respectively, while Au concentrations are below the detection
limit of the LA-ICP-MS (DL = 0.05 ppm). Chemical results are in agreement with the mineralogical
results, i.e., visible micron-sized particles of Ag-Au-Te are commonly contained in bornite, and visible
particles of Ag-Te are mostly found in chalcopyrite. The average concentration of selected trace
metals in molybdenite (n = 5 spots) is: Re = 349 ppm (up to 514 ppm), Au = 7 ppm (up to 31 ppm),
and W = 12.6 ppm (up to 31 ppm).

Time-resolved LA-ICP-MS profiles were evaluated to determine the mode of occurrence of trace
Ag, Te, and Au in bornite and chalcopyrite, and to compare them with mineralogical observations.
In the bornite analyses, the spectra for Ag, Au, and Te mimic each other (Figure 4a), and their
signals show a spike above background. This indicates that these elements are likely to occur as
micro- and nano-particles of Au-Ag-Te [10,29,37,38], in addition to the visible micron-sized particles
observed as mineral inclusions. In the chalcopyrite analyses, Ag and Te show correlated signals
(Figure 4b), while the Au spectra is in the background, implying the occurrence of Ag-Te micro- and
nano-particles [10,29,37,38]. However, some LA-ICP-MS spectra for bornite (Figure 4c), as well as
chalcopyrite, display Ag signals higher than those displayed for the other metals (e.g., Te and Au) by
at least two orders of magnitude, showing that at least a part of the invisible Ag is contained also in the
lattice of sulfides.
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Table 1. Concentrations for Co, As, Ag, Te, and Au (in ppm) determined by in situ LA-ICP-MS analysis
on selected bornite and chalcopyrite crystals.

Sample Sulfide Spot Co (ppm)
DL = 0.1

As (ppm)
DL = 0.1

Ag (ppm)
DL = 0.05

Te (ppm)
DL = 0.1

Au (ppm)
DL = 0.02

CMP-
005 BRN n = 19 1.3 ± 1.4

(<DL–6.2)
1.2 ± 1.0
(1.0–4.5)

61.5 ± 7.6
(60.2–80.1)

8.9 ± 4.8
(12.2–16.6)

0.5 ± 0.3
(<DL–1.0)

CMP-
006 BRN n = 8 0.3 ± 0.2

(<DL–0.6)
1.1 ± 0.2
(1.0–1.3)

50.8 ± 15.9
(64.0–76.3)

5.5 ± 3.5
(5.2–11.1)

0.6 ± 0.2
(<DL–0.6)

CMP-
007 BRN n = 12 0.2 ± 0.1

(<DL–0.4)
1.3 ± 0.5
(0.8–2.5)

104.5 ± 14.1
(72.5–124.4)

7.1 ± 6.1
(9.0–24.6)

0.3 ± 0.1
(<DL–0.3)

CMP-
007 BRN n = 8 1.1 ± 0.6

(<DL–1.3)
6.1 ± 1.9
(4.9–9.1)

113.8 ± 34.9
(142.8–152.6)

68.9 ± 34.7
(29.0–129.0) <DL

CMP-
027 BRN n = 9 3.7 ± 2.1

(<DL–6.2)
7.0 ± 4.5
(<DL–11.7)

116.9 ± 60.6
(74.1–221.1)

68.9 ± 39.8
(10.0–111.0) <DL

CMP-
030 BRN n = 5 0.6 ± 0.3

(<DL–0.9)
1.3 ± 0.4
(0.6–1.6)

307.1 ± 12.0
(292.4–316.1)

34.7 ± 12.8
(19.3–54.9)

0.4 ± 0.2
(<DL–0.5)

Bornite n = 61 0.9 2.4 103.3 18.4 0.4

CMP-
001 CPY n = 11 2.4 ± 0.9

(0.8–4.0)
1.0 ± 0.9
(0.5–3.4)

7.3 ± 5.7
(2.9–21.0)

3.3 ± 3.0
(1.8–13.7) <DL

CMP-
002 CPY n = 4 5.4 ± 4.6

(0.2–11.4)
10.3 ± 9.3
(1.1–23.3)

0.9 ± 0.7
(0.1–1.8)

2.2 ± 1.5
(0.2–3.8) <DL

CMP-
003 CPY n = 4 1.0 ± 0.4

(0.6–1.5)
11.3 ± 10.0
(2.5–21.7)

1.7 ± 0.3
(1.4–2.2)

1.2 ± 0.4
(0.7–1.5) <DL

CMP-
007 CPY n = 7 7.9 ± 5.5

(1.8–16.9)
2.4 ± 1.2
(1.4–4.4)

4.5 ± 4.1
(0.2–11.7)

1.6 ± 1.2
(0.3–2.5) <DL

CMP-
024 CPY n = 5 2.6 ± 1.4

(2.0–4.0)
4.3 ± 1.5
(1.8–5.3)

1.9 ± 1.6
(0.6–4.7)

2.9 ± 2.7
(0.8–7.4) <DL

CMP-
027 CPY n = 5 13.4 ± 6.7

(8.9–15.9)
5.7 ± 3.3
(4.1–6.8)

1.2 ± 0.9
(0.6–2.5)

2.0 ± 1.3
(1.0–3.0) <DL

CMP-
030 CPY n = 5 7.5 ± 6.1

(2.7–18.1)
1.1 ± 0.8
(0.5–2.1)

1.7 ± 1.1
(0.3–2.9)

0.8 ± 0.7
(0.1–1.6) <DL

Chalcopyrite n = 41 5.1 3.9 3.2 2.2 <DL

Average values (in bold) ± standard deviation and value range (in brackets) for selected trace-element concentrations.
n: number of spot analyses. BRN = bornite; CPY = chalcopyrite. DL: limit of detection. CMP: critical metal project.
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Time-resolved LA-ICP-MS profiles were evaluated to determine the mode of occurrence of 
trace Ag, Te, and Au in bornite and chalcopyrite, and to compare them with mineralogical 
observations. In the bornite analyses, the spectra for Ag, Au, and Te mimic each other (Figure 4a), 
and their signals show a spike above background. This indicates that these elements are likely to 
occur as micro- and nano-particles of Au-Ag-Te [10,29,37,38], in addition to the visible micron-sized 
particles observed as mineral inclusions. In the chalcopyrite analyses, Ag and Te show correlated 
signals (Figure 4b), while the Au spectra is in the background, implying the occurrence of Ag-Te 
micro- and nano-particles [10,29,37,38]. However, some LA-ICP-MS spectra for bornite (Figure 4c), 
as well as chalcopyrite, display Ag signals higher than those displayed for the other metals (e.g., Te 
and Au) by at least two orders of magnitude, showing that at least a part of the invisible Ag is 
contained also in the lattice of sulfides. 

 
Figure 4. LA-ICP-MS patterns (in counts per second) for selected trace-element signals depicting a
typical pattern for (a) invisible particles of Ag-Au-Te in bornite; (b) invisible particles of Ag-Te in
chalcopyrite; (c,d) invisible silver in the mineral’s lattice of bornite and chalcopyrite, respectively.
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3.2.2. Chalcopyrite ± Pyrite Unit

Micro-chemical data (Table 2) show that the highest Ag values (up to 42.6 ppm) are contained in
chalcopyrite. This is depleted in Te (up to 8.9 ppm) as well as Au (up to 0.07 ppm), in comparison
with Cu-sulfides from the unit described previously. LA-ICP-MS profiles for the chalcopyrite analyses
(Figure 4d) show a flat pattern for Ag signal well above that of Te, while the Au signal is in the
background, which suggests that trace Ag is mostly contained in the mineral’s lattice. Pyrite is the
strategic Co-host mineral, with an average grade value of 2236 ppm and ranging of up to 24,000 ppm
(Table 2). Interestingly, pyrite is also enriched in metallic Au (up to 5 ppm); however, the latter is
accompanied by As with an average value of 2801 ppm (up to 6090 ppm) (Table 2). In the last case,
Au and As metal content can be hosted in this sulfide’s lattice [10].

Table 2. Concentrations for Co, As, Ag, Te, and Au (in ppm) determined by in situ LA-ICP-MS analysis
on selected chalcopyrite and pyrite crystals.

Sample Sulfide Spot Co (ppm)
DL = 0.1

As (ppm)
DL = 0.1

Ag (ppm)
DL = 0.05

Te (ppm)
DL = 0.1

Au (ppm)
DL = 0.02

CMP-
004 CPY n = 11 6.4 ± 3.7

(<DL–10.1)
14.8 ± 8.3
(3.6–24.5)

1.0 ± 0.4
(0.4–1.4)

1.1 ± 0.9
(0.2–2.9)

0.07 ± 0.02
(<DL–0.07)

CMP-
009 CPY n = 5 12.3 ± 12.0

(0.2–32.2)
3.3 ± 3.0
(1.6–8.6)

12.3 ± 17.0
(2.3–42.6)

3.3 ± 2.4
(1.3–7.5) <DL

CMP-
011 CPY n = 7 16.0 ± 3.9

(10.9–22.4)
6.0 ± 11.0
(1.4–31.7)

2.2 ± 0.3
(1.9–2.8)

0.1 ± 0.2
(<DL–0.2)

0.07± 0.02
(<DL–0.07)

CMP-
012 CPY n = 10 0.5 ± 0.3

(<DL–0.8)
5.2 ± 3.1
(<DL–8.3)

20.8 ± 4.2
(15.3–27.0)

4.2 ± 2.2
(1.0–8.9) <DL

CMP-
013 CPY n = 5 14.1 ± 8.0

(3.9–26.1)
0.3 ± 0.1
(0.2–0.5)

2.5 ± 1.9
(1.2–5.8)

0.5 ± 0.3
(<DL–0.7) <DL

Chalcopyrite n = 38 8.7 7.3 8.3 2.0 0.07

CMP-
012 PY n = 6 7700 ± 6100

(172–24,050)
125.4 ± 95.6
(1.7–14.9) <DL 1.4 ± 0.6

(<DL–1.8) <DL

CMP-
015 PY n = 12 354 ± 240

(142–747)
3702 ± 2794
(0.7–6090)

2.2 ± 1.3
(<DL–4.0)

0.8 ± 0.4
(<DL–1.6)

0.6 ± 0.4
(<0.2–5.0)

Pyrite n = 16 2236 2801 2.0 0.8 0.6

Average values (in bold) ± standard deviation and value range (in brackets) for selected trace-element concentrations.
n: number of spot analyses. CPY = chalcopyrite; PY = pyrite. DL: limit of detection. CMP: critical metal project.

4. Innovation on Metal-Selective Metallurgical Processing

Based on advanced geochemical characterizations of sulfides, two geo-metallurgical units
(GMU; Figures 5 and 6) are proposed. These units are focused on Cu + by-products processing:
(1) a chalcopyrite–bornite ±molybdenite unit (GMU1; Figure 5), and (2) a chalcopyrite ± pyrite unit
(GMU2; Figure 6); both of which correlate with the Min-Zones defined at the deposit. However, in the
current standard characterization (Figures 5a and 6a) of copper Min-Zones, some trace elements are
not determined as well as the specific sulfide that hosts each studied metal. From a high-resolution
characterization [10] (Figures 5b and 6b), it is possible to determine the trace-metal content of a mineral,
including its concentration (metal grade), the host phase, and form of occurrence (e.g., micron-sized
particle, nano-particle, or in the lattice). These characteristics are depicted below for sulfides found in
each GMU (Figures 5 and 6), focusing on the selected trace metals, i.e., Co, Au, and Re, plus Ag, Te,
and As.
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grade and mode of occurrence for metals.
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photograph is shown, a1). (b) The proposed multi-metal high-resolution characterization for the
GMU2, indicating the mode of occurrence for each metal-bearing sulfide and the specific metal content,
including the grade and style of appearance of each metal.

From a standard standpoint, the GMU1 (Figure 5a) is characterized by a bulk trace-metal content
of As = 10 ppm; Co = 4 ppm; Ag = 6 ppm; Au = 0.06 ppm; while Re and Te are present in concentrations
below detection limits [39]. By implementing an advanced geochemical characterization (Table 1),
the following strategic information can be obtained in our case study (Figure 5b): (1) bornite is the
main host sulfide for trace Ag (up to 316 ppm) and Te (up to 129 ppm), and it also contains Au in
concentrations of up to 1.0 ppm, results that are in agreement with the presence of micron-sized
particles of Ag-Au-Te found as metallic inclusions. Bornite is almost depleted in Co and As trace
elements, with concentrations of less than 6.2 ppm and 11.7 ppm, respectively; (2) chalcopyrite is
enriched also with trace Ag (up to 21 ppm) and Te (up to 13.7 ppm); however, Au contents were
below detection limits. In comparison with bornite, chalcopyrite is richer in trace Co (up to 18.1 ppm)
and As (up to 23.3 ppm) concentrations; (3) molybdenite is a strategic host mineral for trace Au
(up to 31 ppm), and also contains trace Re with an average grade of 349 ppm and ranging of up to
514 ppm. The aforementioned results represent significant metal content, which was not characterized
by geochemical analysis performed on the bulk mine-material. Therefore, this metal content would
not be considered in the standard ore processing design.

Standard geochemical characterization performed on the GMU2 samples (Figure 6a) shows that the
bulk average for trace-elements concentrations of As = 496 ppm, Co = 8 ppm, Ag = 1 ppm; Au = 0.01 ppm
and Re < DL [39]. The advanced geochemical characterization (Figure 6b; Table 2) shows that trace
Co = 2236 ppm (up to 24,051 ppm), Au = 0.6 ppm (up to 5 ppm) and As = 2801 ppm (up to 6090 ppm)
are preferentially contained in pyrite. In contrast, Ag is favorably concentrated in chalcopyrite (up to
42.6 ppm), being almost depleted in As = 7.3 ppm, Co = 8.3 ppm, and Au < DL, in comparison to pyrite.
An important difference that arises from the advanced geochemical characterization is the mode of
occurrence of As, which is not contained in chalcopyrite. However, bulk chemical results show As
concentrations of around 500 ppm in the mine material, a metallic content that could erroneously
penalize the Cu-grades of sulfide concentrates.

According to the standard characterization the GMU1 is richer in Ag concentration in relation
to the GMU2 (GMU1 = 6 ppm Ag and GMU2 = 1 ppm Ag). However, the advanced geochemical
characterization shows that chalcopyrite from GMU2 presents higher grade values for Ag (average of
8.3 ppm) in comparison with the chalcopyrite from GMU1 (average of 3.2 ppm). This silver behavior
can be due to the absence of bornite in the GMU2, a mineral that preferentially concentrates Ag
in its lattice [36]. Even if Ag (plus Au) is systematically dossed on prime minerals such as bornite
and chalcopyrite, a remarkable data obtained from the advanced characterization is the mode of
occurrence for these metals, i.e., Ag and Au, which are mainly found as Ag (±Au)-Te sulfosalts,
instead of monometallic or electrum particles. This finding is fundamental to the development of
metallurgical models.

4.1. Metallurgical Processing and Opportunities for Precious and Critical Metal Supply

The results presented previously reveal that the geo-metallurgical units defined for copper
extraction, e.g., GMU1 and GMU2 (Figures 5 and 6), also can contain critical and precious metals
in trace but profitable concentrations. For instance, in our case study: (i) the GMU1 (Figure 5) is
characterized by profitable trace Au and Re contents associated with molybdenite, and (ii) the GMU2
(Figure 6) contains trace Co and Au, with the profitable metal grades associated with pyrite. These trace
metals could be recovered in the same copper processing workflow during sulfide flotation processes,
by modification or inclusion of some additional unit operations. Our proposed improvements are
addressed to sulfide flotation workflows because sulfide concentrates will become the main marketable
product produce by the copper industry in Chile over the coming years, with an estimated increase of
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47.8% by 2030 [40]. If profitable by-products are not recovered during flotation processes, they will be
extracted later during electro-refining and electro-winning processes, or sent to tailings [10].

The common scenario for producing sulfide flotation concentrates is a processing plant consisting of
crushing, grinding, bulk-sulfide flotation, and selective Cu-sulfide flotation. However, identification of
critical and precious metals associated with a specific sulfide gives rise to opportunities to propose new
processing plant workflows for recovering these trace metals, in addition to copper + molybdenum,
as marketable products during the flotation processes. To develop the conceptual mass balance
approach, the following assumptions are considered: (i) the elemental content of each metal is obtained
from the bulk geochemical characterization performed on the head ore, i.e., the current standard
characterization (e.g., Figures 5a and 6a). These values are represented in the flow of the ore fed into
the crushing and grinding steps; (ii) the mass balance considers the association of each metal with
its specific hosting mineral (e.g., Figures 5b and 6b); (iii) the mass balance incorporates the behavior
of each metal-bearing mineral in the respective unit operation. Therefore, the result of each metal of
interest will be determined by the behavior of its specific mineral association.

4.1.1. Re and Au from Molybdenite

For the GMU1, the mass balance in a conventional processing plant (Figure 7) is designed to
produce copper and molybdenum concentrates. In this case, a concentration factor of 10 is expected in
the bulk flotation concentrate if an ideal separation between molybdenite and other sulfide minerals is
reached [15].
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Figure 7. Schematic flow-sheet for a conventional plant design to treat porphyry ores, by processing
mine material from the GMU1, to produce copper and molybdenum concentrates.

For molybdenite concentrates, only the molybdenum content is accounted for in the final price of
this marketable product. To evaluate the feasibility of additional extraction of by-products, i.e., Re and
Au, we present a process, typically used to recover Mo [15], and how it can be modified to also extract
trace Re and particularly Au contents from molybdenite (Figure 8).

Roasting of molybdenite concentrate is implemented to obtain MoO3 in the calcine, while Re2O7

is accumulated in the gas stream. The calcine, which also would contain gold, can be further treated
with ammonia to dissolve the MoO3 and transform it in the ammonium molybdate. At this stage, it is
essential to consider that ammonia can dissolve gold under oxidative conditions; therefore, a rigorous
control of the dissolved oxygen must be performed [15]. In spite of this, operational temperatures of
this MoO3 leaching (40–80 ◦C) are lower than those typically measured for ammonia leaching of gold
(>80 ◦C) [41]. Therefore, this parameter can be operationally controlled. Finally, the leaching residue
which contains gold can be treated in the proposed pathway by cyanidation and carbon adsorption to
produce dore metal as a marketable product (Figure 8).

In the Re pathway, the ammonium molybdate solution can be crystallized to obtain ammonium
dimolybdate, which is the final product typically generated from molybdenite concentrates (Figure 8).
The gases containing rhenium (Re2O7), which are generated during roasting, can be treated in a
scrubbing gas system to obtain a solution of perrhenic acid (HReO4), which, in turn, are sent to an
ionic exchange (IX) process to recover rhenium as ammonium perrhenate (NH4ReO4). The elution
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stage of the IX process is performed with ammonia, in which the generated solutions are crystallized
to obtain the ammonium perrhenate (Figure 8), another marketable product, along with the dore metal
produced from this proposed UGM. The processing option described in Figure 8 is not very different
from that conventionally implemented by molybdenum refineries, in which rhenium and gold contents
are frequently recovered from molybdenum concentrates.
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The presented mass balance (Figure 8) considers a unitary basis for the feed-ore, i.e., a unit
estimation based on 1 ton of Cu-Mo sulfide ore processed per day, to easily scale-up to other treatment
capacities. The scaling-up methodology can be expected as lineal, assuming the recoveries are not
affected. For instance, in a case of a plant design with a capacity setting at 140,000 t/day of head ore
treatment (a typical capacity for the big mining), the gold, rhenium, and molybdenum production
as by-products could reach up to 280 Oz/day (102,200 Oz/year), 122.8 kg/day (44,822 kg/year),
and 211.1 ton/day (77,000 ton/year), respectively.

4.1.2. Co and Au from Pyrite

The proposed UGM2 contains interesting grades of Co and Au, particularly concentrated in pyrite,
a sulfide often not accounted for conventional process streams, which are designed to produce Cu and
Mo-sulfide concentrates (Figure 9).
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mine material from the GMU2, to produce copper and molybdenum concentrates.

These concentrates are typically sold to a refinery furnace, which do not contain only Cu and Mo.
Copper concentrates may include pyrite, which contains Co and Au (+Ag, ±Te), although generally
only Au and Ag are valued in the concentrate selling price.

Considering that Co and Au trace concentrations are mainly contained in pyrite (Figure 6), there is
an opportunity to modify the Cu processing design by the addition of a pyrite depression flotation
stage (Figure 10). Thus, it is possible to separate pyrite from the other sulfides [42], which in our case
study is chalcopyrite. Then, a pyrite concentrate can be generated and processed to recover Co and
Au as marketable products (Figure 10), before sending pyrite to the tailings together with its metallic
content [10]. In the proposed schematic flow-sheet (Figure 10), mass balance assumes ideal separation
efficiency for each unit operation [15].

In the proposed pathway, pyrite concentrates can be treated in an oxidative environment to liberate
Co and Au from the refractory sulfide matrix, considering that trace Co and Au are concentrated in
nano-particles or in the mineral lattice. Here, an issue to be controlled is the percent of recoveries for Co
and Au during the downstream stages. For that, it is best to incorporate an additional operational unit
consisting of typical oxidative pretreatments [16], including roasting, bioleaching, pressure leaching,
and oxidative acid leaching processes, which are systematically used to extract metallic Au from
refractory minerals. In this way, it has recently been shown [43] that invisible Au in pyrite can be
contained in an adsorbed state in the form of S-Au-S clusters, in contrast to the existing view that
Au replaces Fe or S in the mineral lattice [44]. Thus, adsorbed Au is much less stable and, therefore,
more easily recoverable by existing processes than the Au bound to the lattice [43]. In the case of
roasting, an acid leaching of calcine must be included to dissolve the CoO formed during this process.
Then, the pregnant leach solution (PLS), which will contain Co, Fe, and sulfuric acid, can be treated in
a solid-liquid separation stage to remove the insoluble compounds from the PLS. Finally, insoluble
compounds can be treated by cyanidation, a typical process to dissolve gold, and followed by a carbon
adsorption process in pulp (CIP), including the correspondent elution and electro-winning (EW)
stages [16]. Depending on the tonnage of mine material to be processed, it can also be recommended
the use of an alternative carbon in column (CIC) after filtration.

In the other branch of the proposed flow-sheet, the PLS containing cobalt can be processed in a
fractional stage to remove impurities, such as Fe, Cu, acid, and magnesium, and using specific pH
conditions for each element [15,45,46]. Cobalt can be recovered as Co(OH)2 after precipitation with
MgO. Alternative processes for treating the PLS, such as solvent extraction, crystallization, or EW,
can be evaluated to obtain different Co products, depending on the impurities contained and reagents
price [45,46].
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The process depicted in Figure 10 shows a significant reduction of the material volume to be
treated from a pyrite concentrate (0.2% of the head ore), during the sulfide concentrate production.
It has an additional positive effect, which is a remarkable increase of Co and Au grades up to 4000 and
5 g/t, respectively. Interestingly, the cost of mining, crushing, and grinding stages, developed on the
bulk mine-material, are accounted into the copper production investments, which would imply that
only the value for implementing additional operation units must be imputed to the by-products budget.
Additionally, the reduction of the material to be processed can facilitate the installation of additional
operation units in the same work areas previously designated to metallurgical plants. Considering a
similar plant design with a head-ore treatment of 140,000 t/day, the by-products benefit could reach up
to 44.8 Oz/day for Au (16,352 Oz/year), and 1065 kg/day for Co (389 t/year), which is a metal content
not considered in the current mining plan. Therefore, future work must be focused on demonstrating,
at a laboratory scale, the metal recoveries determined from a conceptual approach.

5. Concluding Remarks

In this study, we have shown that the metallic potential that could be assessed from a porphyry-type
mining operation and how a high-resolution geochemical characterization of sulfides can be used to
determine the concentration of trace metals as by-products. Critical and precious metals, such as Co,
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Au, Re, Ag, and Te contained in ore sulfides, which are necessary for the development of society in the
coming decades, are often not considered in mining planning and would be lost to tailings [10] or in
the refineries wastes.

Even if the multi-metallic enrichment in porphyry-type deposits is well-known [10,12–14],
very little work has been published on the metallurgical processing of these trace metals during
the production of Cu- and Mo-concentrates. To our knowledge, a significant constraint to evaluate
such possibility is the geochemical information obtained in operational chemical analyses, which
is focused on copper contents [10]. Thus, recently, economic geologists are turning their interest
in the detection of trace element concentrations directly in Cu-ore samples [47], and in evaluating
possibilities to extract trace metals as by-products during Cu-sulfide processing [48] associated with
sulfide concentrates production.

Here, we propose work-sheets to evaluate critical and precious metals processing during the
production of sulfide concentrates, by the addition of some specific unit operations to conventional
metallurgical concentrator plant designs. The advantages to be considered are as follows:

1. Millions of tons of mining material are processed each year by the porphyry mining industry,
generating the possibility of beneficiation of by-product content, even if some metals are found in
very low concentrations such as parts per million;

2. Investments for the extraction and processing of the mined material are reflected in the price
of copper, and therefore only the additional unit operations could be taken into account in the
economic assessment of the feasibility processing the by-products;

3. The identification of the specific mineral hosting each metal in trace amounts makes it possible
to design a metallurgical treatment with quantities of material several times smaller than those
represented by the treatment of Cu and Mo. For example, molybdenite and pyrite represent only
0.2% of the bulk material of GMU1 and GMU2, respectively. This idea implies that additional
operational units can be installed in situ in the mining operations, avoiding the carrying of
mined material;

4. The pyrite depression process, proposed to obtain a pyrite concentrate, can be applied both to
extract the Co and Au contents of the pyrite and to reduce the amount of pyrite sent to the tailings.
The latter is important from an environmental perspective because pyrite being a reactive mineral,
its exposure to oxygen and water can facilitate the oxidative dissolution of the sulfide structure,
resulting in acid mine drainage (AMD) [49]. The proposed workflows take into account the
metallurgical processing of a recognized metal-bearing mineral, such as the processing of pyrite
to obtain Co and Au, in conjunction with concentrate production. The latter idea can help reduce
the amount of material to be processed, compared with a subsequent recovery of metals, such as
Co, from mine tailings [49,50].

Thus, an economic evaluation can be made by considering the cost of setting up a plant similar to
what we are proposing and comparing it with to the selling price of Cu and Mo concentrates, in which
the trace metals contained would be valued in the final prices, i.e., Co and Au for Cu concentrates,
and Re and Au for Mo concentrates.
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